Organisms have evolved elaborate systems that ensure the homeostasis of the thiol redox environment in their intracellular compartments. In Escherichia coli, the cytoplasm is kept under reducing conditions by the thioredoxins with the help of thioredoxin reductase and the glutaredoxins with the small molecule glutathione and glutathione reductase. As a result, disulfide bonds are constantly resolved in this compartment. In contrast to the cytoplasm, the periplasm of E. coli is maintained in an oxidized state by DsbA, which is recycled by DsbB. Thioredoxin 1, when exported to the periplasm turns from a disulfide bond reductase to an oxidase that, like DsbA, is dependent on DsbB. In this study we set out to investigate whether a subclass of the thioredoxin superfamily, the glutaredoxins, can become disulfide bond-formation catalysts when they are exported to the periplasm. We find that glutaredoxins can promote disulfide bond formation in the periplasm. However, contrary to the behavior of thioredoxin 1 in this environment, the glutaredoxins do so independently of DsbB. Furthermore, we show that glutaredoxin 3 requires the glutathione biosynthesis pathway for its function and can oxidize substrates with only a single active-site cysteine. Our data provides in vivo evidence suggesting that oxidized glutathione is present in the E. coli periplasm in biologically significant concentrations.
Organisms have evolved elaborate systems that ensure the homeostasis of the thiol redox environment in their intracellular compartments. In Escherichia coli, the cytoplasm is kept under reducing conditions by the thioredoxins with the help of thioredoxin reductase and the glutaredoxins with the small molecule glutathione and glutathione reductase. As a result, disulfide bonds are constantly resolved in this compartment. In contrast to the cytoplasm, the periplasm of E. coli is maintained in an oxidized state by DsbA, which is recycled by DsbB. Thioredoxin 1, when exported to the periplasm turns from a disulfide bond reductase to an oxidase that, like DsbA, is dependent on DsbB. In this study we set out to investigate whether a subclass of the thioredoxin superfamily, the glutaredoxins, can become disulfide bond-formation catalysts when they are exported to the periplasm. We find that glutaredoxins can promote disulfide bond formation in the periplasm. However, contrary to the behavior of thioredoxin 1 in this environment, the glutaredoxins do so independently of DsbB. Furthermore, we show that glutaredoxin 3 requires the glutathione biosynthesis pathway for its function and can oxidize substrates with only a single active-site cysteine. Our data provides in vivo evidence suggesting that oxidized glutathione is present in the E. coli periplasm in biologically significant concentrations.
protein oxidation ͉ monothiol ͉ SRP P rotein disulfide bond formation in the E. coli periplasm is catalyzed by DsbA, a member of the thioredoxin superfamily. Members of this superfamily use an active-site motif, usually consisting of Cys-X-X-Cys, to carry out either protein oxidation or reduction. In its active state in vivo, DsbA contains these 2 cysteines joined in a disulfide bond, which it transfers to substrate proteins. The resulting reduced cysteines of DsbA are reoxidized into the active form by the membrane protein DsbB (1) .
An important determinant of whether thioredoxin superfamily members act to efficiently reduce protein disulfide bonds or promote their formation is their redox potential. For instance, in E. coli, DsbA with a redox potential of Ϫ120 mV acts as an oxidant, while thioredoxin 1 with a redox potential of Ϫ270 mV acts as reductant (2) . However, another factor that can influence the role of such proteins is the environment of their subcellular localization. Thus, thioredoxin 1, normally a cytoplasmic reductant, can promote disulfide bond formation when exported to the periplasm (3). This is made possible by the ability of DsbB to oxidize thioredoxin 1 (4) . DsbB is also able to oxidize other non-native thioredoxin family members from very distant species, including eukaryotic protein disulfide isomerase (4) . There is, however, an engineered form of periplasmically localized thioredoxin 1 containing a catalytic [2Fe-2S] cluster that can promote disulfide bond formation independently of DsbB (5) .
The glutaredoxins, a subclass of the thioredoxin superfamily, share the thioredoxin fold as well as a Cys-X-X-Cys/Ser active site motif. Glutaredoxins are cytoplasmic proteins that often share similar roles with the thioredoxins, but require for their function as reducing proteins the small molecule glutathione. While the cytoplasmic thioredoxins are kept in their reduced state by thioredoxin reductase, the glutaredoxins require both glutathione and glutathione reductase (6) .
Initially, we were interested in the substrate specificity of DsbB and asked whether DsbB is generally able to accept members of the thioredoxin superfamily as substrates. To do this, we exported various glutaredoxins to the periplasm and determined (i) whether they could promote disulfide bond formation and (ii) whether this activity is dependent on the presence of DsbB. As a result of initial findings, our studies concentrated on glutaredoxin 3. Here we show that exported glutaredoxin 3 can promote disulfide bond formation in the periplasm. The exported enzyme was not dependent on DsbB for its function in vivo. However, the protein oxidase activity of exported glutaredoxin 3 requires only 1 active-site cysteine and is dependent on the glutathione biosynthetic pathway in the cytoplasm. The simplest explanation for these results is that oxidized glutathione is present in the periplasm and collaborates with glutaredoxin 3 to oxidize proteins. The existence of glutathione in the secretory compartments of bacteria had not been established because small molecules readily diffuse from the cytoplasm in the course of cell fractionation experiments used to isolate the contents of the periplasm. accumulation of precursor protein in the spheroplast fraction even at very low expression levels. To avoid possible artifacts arising from poor export efficiency, we did not pursue further the glutaredoxin 2 construct.
We asked whether glutaredoxins, when localized to the periplasm, promote disulfide bond formation in cell envelope proteins, thus changing their activities from protein disulfide bond reductants to oxidants, as it is the case for thioredoxin 1 (3). We first determined whether the exported proteins could restore motility to strains that are deleted for dsbA. The P-ring protein FlgI of the E. coli flagella motor, which is required for motility, contains a disulfide bond. In dsbA strains, FlgI is missing the disulfide bond, resulting in a non-motile phenotype (7) . To promote disulfide bond formation in the periplasm, TrxA P has to be oxidized by DsbB. Recent findings showed that the periplasmic reductive thiol redox pathway, composed of DsbC and DsbD, also affects TrxA P function (8) . To circumvent any interference of the DsbC-DsbD system on our constructs, we used strains that lack besides dsbA also dsbC and dsbD.
Expression of periplasmically localized glutaredoxin 3 (GrxC P ) in cells lacking dsbA dsbC dsbD led to increased motility on rich media, comparable to an isogenic strain expressing TrxA P . The inefficient export of glutaredoxin 1 (GrxA P ) likely explains why this construct led to less motility (Table 1) ; GrxA P was not studied further. Expression of periplasmically localized thioredoxin 2 is as effective as TrxA P in restoring motility, whereas strains producing NrdC P did not show any increase in motility compared to the empty vector controls (Table 1) .
We also found that when thioredoxin 1 and glutaredoxin 3 are exported by the TAT pathway signal sequence of TorA they allow a comparable level of motility to that of the same enzymes exported by the SRP-dependent TorT signal sequence ( Table 1) . As judged from Western analysis, constructs with either signal sequence were expressed to similar levels (data not shown). These results suggest that the choice of the export pathway (either the SRP pathway or the TAT pathway) does not affect the oxidizing ability of these 2 proteins in the periplasm, in contrast to the thioredoxin 1 mutant containing an [2Fe-2S] cluster (5) .
As judged by restoration of motility, the glutaredoxins tested are not as oxidizing as thioredoxin 1 when exported to the periplasm, especially in strains grown on minimal medium. The nature of the amino acid residues between the active site cysteines can greatly influence the redox potential of thioredoxin-like proteins. For example, thioredoxin 1 becomes much more oxidizing when its active site (Cys-Gly-Pro-Cys) is changed to that of DsbA (Cys-Pro-His-Cys) (4). We asked whether changing the amino acid sequence of the active site motif of the glutaredoxins to that of DsbA (GrxC P [CPHC] and Nrd-C P [CPHC], respectively) might enhance their ability to act as oxidases in the periplasm. While a control consisting of TrxA P with a DsbA active site (TrxA P [CPHC] ) results in a large increase in motility of our test strains, expression of Grx-C P [CPHC] or NrdC P [CPHC] gave no change in the motility phenotype from that seen with the wild-type sequence constructs ( Table 1) . The finding that, unlike thioredoxin 1, altering the active site of these glutaredoxins to that of the highly oxidizing protein DsbA does not improve the oxidizing ability of these enzymes, suggests that the glutaredoxins differ from TrxA P in the mechanism by which they promote disulfide bond formation in the periplasm (see the following sections).
Periplasmic Glutaredoxin 3 Does Not Require DsbB for Protein Oxidation. To continuously promote oxidation of FlgI, periplasmic thioredoxins or glutaredoxins must themselves be reoxidized by transferring the electrons they receive from FlgI to an electron acceptor. Since DsbB reoxidizes not only its native partner DsbA but also non-native substrates such as thioredoxin 1 and the alpha domain of PDI, we asked whether glutaredoxin 3 is also reoxidized by DsbB (3, 4) . We tested motility of strains expressing various periplasmic thioredoxins and glutaredoxins in the presence or absence of DsbB (Table 1) . Surprisingly, GrxC P and GrxA P conferred motility independently of DsbB, indicating that they are reoxidized by a mechanism different from that used by DsbA and TrxA P .
We also noticed that motility of the strains expressing periplasmic glutaredoxin 1 or 3 is enhanced in rich media compared with motility of these strains in minimal media, suggesting that a component in the rich media contributed to oxidation of the glutaredoxins in the periplasm (Table 1 ). In contrast, NrdC P failed to restore the motility in the dsbA mutant on either of the 2 nutrient media.
Comparison of the Oxidative Efficiency of GrxCP with Other DsbA
Substrates. We tested the ability of the periplasmically localized glutaredoxins and thioredoxin to oxidize other DsbA substrates, including LivK, YodA, and RcsF (9) . Plasmids, each encoding one of the DsbA substrates fused to the c-Myc epitope tag sequence, were expressed in the ⌬dsbA ⌬dsbC ⌬dsbD strain together with either TrxA P , GrxC P , or NrdC P . As a control, the DsbA substrate constructs were also expressed in wild-type cells harboring an empty vector. Cells were grown at 30°C in M63 minimal media supplemented with glycerol and arabinose. Samples were collected and subjected to alkylation with AMS. Alkylation of a free thiol with AMS adds a mass of approximately 0.5 kDa to the protein, which can be used to analyze the oxidation state of cysteines in a protein by Western analysis (10) . To control for protein amounts we used the cytoplasmic protein SecB as a marker.
All tested substrate proteins were fully oxidized in the wildtype strain (Fig. 1) . In a ⌬dsbA ⌬dsbC ⌬dsbD strain background, they were predominantly in their reduced forms or degraded ( Fig. 1) , as seen before (9). Co-expression of TrxA P resulted in increased accumulation of oxidized protein, especially in the case of RcsF (Fig. 1C) . Coexpression of GrxC P and NrdC P gave different results. While GrxC P increased the amounts of oxidized RcsF and LivK, it was inefficient in the oxidation of YodA when compared with TrxA P . NrdC P also oxidized RcsF, albeit at a reduced efficiency; some reduced RcsF remained. We quantitated the efficiency of disulfide bond formation of exported glutaredoxins by measuring the level of enzymatic activity of the DsbA substrate alkaline phosphatase (AP). AP activity depends on the formation of its disulfide bonds (11). We constructed 
Motility phenotype of various strains. Strains (HK453 or MER144) expressing different constructs from plasmids were examined on NZ medium or M63 minimal medium. The motility was evaluated by comparing the motility to that of the negative control (empty vector) and that of the positive control (strain expressing TrxA P) on each media.
dsbA or dsbA dsbB strains that carried a phoR mutation allowing constitutive expression of AP (12), and transformed them with a plasmid expressing GrxC P or TrxA P (Fig. 2) . In strains lacking the Dsb proteins, expression of GrxC P increased AP activity 3-fold over a control carrying an empty plasmid, reaching approximately 60% of the wild-type level. As with the motility assay, the increased AP activity was independent of DsbB ( Fig.  2) . Expression of TrxA P in dsbA strains lead to a DsbBdependent 3-fold increase of AP activity. GrxC P expression in strains with deletions of dsbA, dsbC, and dsbD caused the same 3-fold increase in AP activity (data not shown). Overall, GrxC P is a rather effective oxidant of AP, RcsF, and LivK and less so of YodA and FlgI. NrdC P did not measurably oxidize AP (data not shown). Thus, RcsF was the only protein that NrdC P was able to oxidize among the DsbA substrate proteins tested. In the remaining experiments, we have focused on GrxC P .
Oxidative Activity of GrxCP Depends on the Cytoplasmic Glutathione
Biosynthetic Pathway. If GrxC P does not require DsbB for its oxidative activity, what is its source of oxidative power? In the cytoplasm of E. coli, glutaredoxins are maintained in the reduced state by reduced glutathione (GSH) (6) . We considered the possibility that the periplasmic version of glutaredoxin 3, GrxC P , is oxidized through a reaction with oxidized glutathione. GrxC Pdependent motility was enhanced on rich media compared to minimal media (Table 1 ) perhaps due to the presence of small oxidizing molecules, such as glutathione, present in rich media (1) . In minimal media, there may be sufficient export of glutathione from the cytoplasm (13, 14) to allow the oxidation reaction to occur in minimal medium. If the oxidative activity of GrxC P is dependent on oxidized glutathione, then mutations that eliminate glutathione biosynthesis should prevent the oxidation of substrates from taking place. We constructed strains lacking the gene for the first enzyme in the glutathione biosynthesis pathway (gshA) and analyzed its effect on GrxC P -promoted alkaline phosphatase activity. Strains were grown in minimal media to avoid any interfering effects of glutathione present in rich media.
We found that the elimination of glutathione biosynthesis resulted in a dramatic drop in AP activity, nearly eliminating the effect of GrxC P on disulfide bond formation in AP (Fig. 3) . We also showed that adding to a culture lacking the glutathione biosynthetic pathway (⌬gshA) 1 M oxidized glutathione (GSSG), a concentration that corresponds to physiological concentrations of this molecule reported to accumulate in culture supernatants during exponential phase (14) , restores AP activity, but only when GrxC P was present. These experiments are consistent with the proposal that GrxC P functions as an oxidant using periplasmic oxidized glutathione.
We also compared the effect of adding varying amounts of oxidized glutathione (GSSG) or reduced glutathione (GSH) with cultures lacking GshA (data not shown). In the absence of GrxC P , AP activity remained unchanged at all tested concentrations of GSH or GSSG (0, 0.1, 1, 10, or 100 M final concentration), indicating that glutathione at these concentrations cannot promote the oxidation of the substrate on its own. In contrast, in the presence of GrxC P and either GSSG or GSH at concentrations greater than or equal to 1 M, AP activity was enhanced. Addition of 10 M GSH or GSSG conferred 75% AP activity compared with wild-type cells. Since we added glutathione to the cultures at the point of culture inoculation, we suspect that GSH is readily converted to GSSG by air oxidation (15) .
GrxCP Can Act as an Oxidant with Only One of Its Redox-active
Cysteines. In the cytoplasm, glutaredoxins resolve disulfide bonds in substrate proteins by either a dithiol or monothiol mechanism (16) . The dithiol mechanism involves a disulfide bond-exchange reaction between reduced glutaredoxin and oxidized substrate , or RcsF-c-Myc (C) were expressed from plasmids (pMER154, pMER155, and pMER156) and detected by Western blot using anti-c-Myc antibody. Strains used were HK295 (wt) and HK453 (⌬dsbA ⌬dsbC ⌬dsbD) harboring empty vector (pMER79) or plasmids encoding TrxA P , GrxC P , or NrdC P (pMER90, pMER94, and pMER96). Cultures were grown and samples were prepared as described in materials and methods. Where indicated, samples were treated with 100 mM DTT (DTT) before AMS alkylation. The mobility of DTT-treated proteins indicates the position of the reduced form. As a loading control, the same sample volumes were subjected to an immunoblot detecting SecB. wt dsbAdsbA-dsbB- Fig. 2 . Restoration of AP activity by GrxCP or TrxAp. Wild-type (MER360), ⌬dsbA (MER390), or ⌬dsbA ⌬dsbB (MER392) strains expressing GrxC P or TrxAp from plasmids (pTrc99a-ssTorA-GrxC or pTrc99a-ssTorA-TrxA) were grown in M63 minimal medium at 30°C, aliquots were taken at early log-phase and AP activity measured as described in materials and methods. 3 . Influence of glutathione on GrxCP-dependent restoration of AP activity. A ⌬dsbA ⌬dsbB strain (MER392) harboring an empty vector (pMER79) or the same strain expressing GrxC P from plasmid pTrc99a-ssTorA-GrxC or isogenic strains with a deletion in gshA (MER396, MER382) were grown to log-phase at 30°C in M63 minimal medium containing 0 M or 1 M oxidized glutathione (GSSG). AP activity is expressed as % of wild-type activity.
such that the glutaredoxin becomes oxidized and the substrate reduced. This mechanism requires 2 cysteines in the glutaredoxin active site. The monothiol pathway functions first via attack of GSH on an oxidized substrate resulting in a substrateglutathione mixed disulfide complex. This complex is then resolved by a glutaredoxin using only 1 cysteine yielding a reduced substrate and a glutathionylated glutaredoxin. The latter is resolved by the attack of a second glutathione molecule (16, 17) .
Up until this point, we have implicitly considered mechanisms for GrxC P oxidative activity in the periplasm that were similar to that of DsbA in which the 2 cysteines of the active site are joined in a disulfide bond that is directly transferred to substrates. However, given the existence of a monothiol mechanism for reduction in the cytoplasm, we wondered whether a monothiol mechanism might be used for oxidation in the periplasm. Thus, we asked whether the oxidation reaction carried out by GrxC P required both of its active site cysteines.
First, as a control, we showed that TrxA P requires both active site cysteines for its activity as an oxidant (Fig. 4) . Similarly to TrxA P , GrxC P does not oxidize AP when its first cysteine (Cys-11) or both cysteines (Cys-11 and Cys-14) are changed to alanine. However, in contrast to thioredoxin 1, GrxC P is fully active in oxidizing AP as a monothiol glutaredoxin when the second active site cysteine (Cys-14) is changed to alanine. The third, non-active site cysteine in GrxC P is not involved in AP oxidation since a GrxC P variant having Cys-14 mutated to alanine and Cys-65 mutated to tyrosine, the latter being a well characterized mutation that has no effect on the glutaredoxin's in vitro reductase activity (2), was also able to oxidize AP, albeit at somewhat higher activity than wild type GrxC P . Previous studies suggested that mutating Cys-65 might prevent nonproductive side reactions with glutathione (2), which could explain the observed increase in activity of this mutant in the context of the periplasm. That a monothiol glutaredoxin can act as a protein oxidant had been shown in vitro with yeast (18) and E. coli glutaredoxin 1 (19) . In both studies, the authors outline mechanisms for how oxidized glutathione behaves as the final electron acceptor in this process.
Discussion
In this article, we describe the conversion of the E. coli cytoplasmic reductant glutaredoxin 3 to an oxidant by promoting its export to the periplasmic space. The mechanism by which GrxC P carries out disulfide bond formation in the periplasm differs from the normal process of disulfide bond formation in bacteria. In particular, our results indicate that the source of oxidizing power for GrxC P is oxidized glutathione. This hypothesis is based on the findings that (i) GrxC P can function with only 1 active site cysteine, and (ii) mutations in the glutathione biosynthesis pathway abolish GrxC P activity. That glutathione could play such a role in the bacterial periplasm in the strains we have generated raises the possibility that glutathione in bacteria may be used in other extracytoplasmic pathways as a source of oxidizing or perhaps even as reducing power.
Bacteria vary in their ability to make disulfide bonds in proteins. Some make a high proportion of their proteins with disulfide bonds, others a low proportion and some may make none (20) . The pathways for disulfide bond formation in those bacteria that do make disulfide bonds share common mechanistic features. These features include (i) the use of DsbA or, more generally, thioredoxin homologues, for the direct oxidization of a substrate protein's cysteines (4, 21) ; (ii) dependence on both cysteines of the active site Cys-X-X-Cys motif of DsbA for the generation of disulfide bonds in substrate proteins; and (iii) restoration of the oxidizing power of DsbA using membranebound quinones and a membrane protein, DsbB, in many bacteria or a homologue of eukaryotic vitamin K epoxide reductase in others (1, 20, 22) .
Dithiol glutaredoxins, including glutaredoxin 3, share the protein fold and the Cys-X-X-Cys motif found in all thioredoxin family members, including DsbA (23) . Despite these similarities, the oxidizing activity of GrxC P when exported to the periplasm is not dependent on DsbB. Furthermore, in contrast to the properties of TrxA P and DsbA, GrxC P only requires the first active-site cysteine for its oxidizing activity. Finally, the DsbBindependent oxidizing activity of GrxC P requires the presence of the cytoplasmic glutathione biosynthetic pathway. In a mutant that eliminates glutathione biosynthesis (gshA), the functioning of GrxC P as an oxidant is lost but can be restored by the addition of exogenously added glutathione.
DsbA or TrxA P catalyze disulfide bond formation via a disulfide bond-exchange mechanism, requiring both active site cysteines (24) . The active site cysteines are connected by a disulfide bond, which is transferred to a substrate protein. GrxC P can oxidize proteins using only its N-terminal cysteine, excluding a simple dithiol disulfide bond-exchange reaction. The observed activities of GrxC P and its active site mutant, GrxC P [CA], are almost equal, suggesting that the wild-type GrxC P uses only its first active site cysteine for disulfide bond formation. Xiao and coworkers have previously shown in vitro that, in the presence of glutathione, glutaredoxins can catalyze disulfide bond formation requiring only the amino-terminal cysteine of the Cys-X-X-Cys motif (19) . They presented a model (Fig. 5) 5 . Model for disulfide bond formation by a monothiol glutaredoxin, adopted from (19) . A glutathionylated glutaredoxin is attacked by a substrate cysteine, producing reduced glutaredoxin and glutathionylated substrate. In a second step, a second cysteine within the substrate attacks the glutathionesubstrate disulfide, resulting in oxidized substrate.
glutaredoxins can catalyze disulfide bond formation by a monothiol mechanism. This model requires the activation of the glutaredoxin active site cysteine by glutathionylation, generating a highly reactive mixed disulfide that consequently is transferred to the substrate protein. The analogous behavior of GrxC P in our in vivo experiments makes it highly likely that it functions through a similar reactive mixed disulfide with a thiol based redox active molecule. Our findings that the gshA mutation eliminates the oxidative activity of GrxC P and that the activity is restored by the addition of exogenous glutathione suggests that glutathione is that thiol-based redox active molecule. Our results provide support for the hypothesis that glutathione is present in the periplasm at biologically significant concentrations. Consistent with our interpretation of the monothiol active version of GrxC P is our finding that the poorly oxidizing NrdC P can be converted to a more active oxidant by mutational elimination of the second cysteine of its Cys-X-X-Cys motif (unpublished results), reminiscent of in vitro oxidase activity of a yeast glutaredoxin 1 monothiol mutant (18) .
High concentrations of glutathione (combined oxidized and reduced) are known to accumulate in supernatants of logarithmically growing E. coli culture up to 5 M (14). The outer membrane porins allow the diffusion of molecules Յ600 Da from the extracellular fluid to the periplasm (25) . For this reason it is reasonable to assume that extracellular glutathione (307 Da reduced; 612 Da oxidized) is at equilibrium with the periplasmic space. Our finding that we can restore GrxC P activity in gshA strains when either oxidized or reduced glutathione is added to the culture medium indicates that both forms can enter the periplasm. Our results also argue that the inability of E. coli to use oxidized glutathione as a sulfur source, reported elsewhere, is unlikely to be due to a permeability barrier for the molecule (26) .
The E. coli cytoplasm of cells grown under standard conditions is reducing with a GSH/GSSG ratio between 200 and 300. By contrast, in the medium of growing cells, the GSH/GSSG ratio is 16.8 (27, 28) . Approximately 30% of the entire glutathione pool is found outside the cell (14) . These results indicate either that more oxidized than reduced glutathione is exported from cells or that exported glutathione is more liable for oxidation. If the lower GSH/GSSG ratio of the cell exterior reflects that of the periplasm, GrxC P may be presented with much higher levels of oxidized glutathione than it would be in the cytoplasm, thus allowing the activity we observe. Experiments probing the redox-potential of periplasmic E. coli extracts suggest that glutathione may take part in the periplasmic redox balance (29) . While these arguments are consistent with the proposal that oxidized glutathione is the source of the oxidizing potential for GrxC P , we cannot rule out the possibility that the properties of the gshA mutant are due to an indirect effect of the absence of cytoplasmic glutathione on some process of electron-transfer across the cytoplasmic membrane.
We have attempted to manipulate the concentration of glutathione in the periplasm by employing a gshA mutant or external addition of glutathione. We have also examined the effects of mutations in several genes, including cydD (encoding a proposed glutathione exporter), ggt (encoding periplasmic ␥-glutamyl transpeptidase), and mdlA (encoding a multidrug resistant-like ABC transporter) (13, 30, 31) , which might influence the concentration of periplasmic glutathione. However, none of these mutations affected the ability of GrxC P to promote disulfide bond formation in AP (data not shown).
Our work and that of others indicate that glutaredoxins are capable of promoting protein disulfide bond formation. However, do glutaredoxins carry out oxidizing reactions under any conditions in vivo, for instance in the cytoplasm? Østergaard and coworkers describe an in vivo situation in which glutaredoxins behave in such a way: They found that the oxidation rate of a redox sensor yellow fluorescent protein was increased by yeast glutaredoxin 1 and 2 when the cytosolic GSH/GSSG ratio was altered (32) . This result suggests that these glutaredoxins are not only taking part in the reduction of the redox probe but also in its oxidation in vivo, which could occur when the GSH/GSSG ratio is shifted toward more oxidizing conditions. Furthermore, during the course of this work, Rouhier and coworkers showed that the highly unusual poplar glutaredoxin 1, containing an [2Fe-2S] center, can oxidize proteins when exported to the E. coli periplasm in the absence of DsbB (33) . However, the source of oxidative power, allowing the exported poplar glutaredoxin 1 to oxidize proteins in the E. coli periplasm, is unknown.
While the glutaredoxin 3 we have studied was artificially localized to the periplasm, we wondered whether there were any examples of periplasmically localized glutaredoxins in bacteria. We found that there exist several glutaredoxin homologues in various organisms that have predicted signal sequences (e.g., gi: 3963154 of Rhodoferax ferrireducens). Some of these organisms also have homologues of the glutathione biosynthesis pathway proteins GshA and GshB, suggesting that these organisms produce glutathione. These predicted periplasmic glutaredoxins might be considered candidates for periplasmic disulfide bond formation catalysts in these species.
The finding of an apparent extracytoplasmic activity of glutathione via our forced export of glutaredoxin to the periplasm raises the possibility that glutathione plays a physiological role in this compartment. If so, it is likely that this role of glutathione is related to its function as a regulator of redox reactions. One approach to assessing potential roles of glutathione in the periplasm is to obtain mutants that no longer accumulate glutathione in the cell envelope and examine the properties of such strains. The oxidative activity of glutaredoxin that we have reported here provides phenotypes (the accumulation of disulfide bonds in specific proteins), which should allow selections or screens for mutants defective in glutathione export to the periplasm.
Materials and Methods
Bacterial Strains, Plasmids, and Growth Conditions. All E. coli strains and plasmids used in this work are listed in Table S1 and oligonucleotides are listed in Table S2 . Standard techniques were used for cloning and DNA analysis, PCR, transformation, and P1 transduction (34) . Strains were grown routinely in NZ-amine medium (35) at 37°C, when necessary in the presence of the appropriate antibiotic. Antibiotics used to select for plasmids or chromosomal markers were present in following final concentrations: ampicillin (200 g/ ml), kanamycin (40 g/ml), chloramphenicol (10 g/ml), and spectinomycin (30 g/ml). D-glucose (0.2%) or glycerol (0.2%) and L-arabinose (0.2%) were used for growth in M63 minimal medium (36) , the latter condition to induce genes on pBAD42-derived plasmids. Genes on pDSW204-derived plasmids were induced by 10 M IPTG (Shelton Scientific, Inc.) in liquid culture or 20 M in low agar-motility plates. M63 minimal medium contained 18 aa (all except cysteine and methionine). When indicated, medium was supplemented with reduced or oxidized glutathione as stated. Motility plates were either NZ or M63 medium containing 0.35% agar, inoculated by stabbing a single colony into the medium and incubated at 30°C for 24 to 40 h.
Plasmid and Strain Constructions. Standard techniques (34) were used for the construction of strains and plasmids and are described in detail in SI Text.
Western Blots. Protein samples were separated by Tris-Glycine SDS/PAGE and transferred by semidry electrotransfer according to the manufacturers protocol (Bio-Rad) onto an Immobilon-P membrane (Millipore). Anti-FLAG (M2) (Sigma), anti-c-Myc (A-14) (Santa Cruz Biotechnology, Inc.), anti-␤-lactamase (5Ј33Ј, Inc.), anti-thioredoxin 1 (Sigma), anti-SecB (laboratory collection) were used as previously stated (37, 38) . Immunodetection was performed using anti-mouse and anti-rabbit conjugates to horseradish peroxidase in combination with ECL detection reagents, used according to the manufacturer (Amersham).
Determination of Redox States. The redox state of DsbA substrates was determined by alkylating free protein thiols with AMS and subsequent protein separation by SDS/PAGE and visualization by Western blot as described in ref. 39 with the following changes. Cells were grown in M63 minimal medium containing 0.2% glycerol, 0.2% L-arabinose, and 10 M IPTG. After growth at 30°C to log phase, samples were immediately TCA precipitated (10% final concentration) and free protein thiols were alkylated using AMS. Proteins were separated by Tris-Glycine SDS/PAGE (10%, 12%, 20% acrylamide for LivK, YodA, and RcsF respectively) and subsequently subjected to Western analysis using antibodies as indicated.
Alkaline Phosphatase Activity Assays. Cultures to be assayed were grown at 30°C in M63 minimal medium to log phase. Alkaline phosphatase activity assays were carried out as published (40) and activities were calculated in Miller units [MU] and when applicable expressed as percent of wild-type strain (MER360) activity. AP activity was calculated from at least 3 independent experiments. Chemicals and Reagents. If not stated otherwise, chemicals and reagents were obtained from Sigma-Aldrich, Mallinckrodt, and Baker, Inc. Restriction enzymes and DNA modifying enzymes were purchased from New England Biolabs. Oligonucleotides were synthesized by Invitrogen or IDT Inc.
